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SECTION I — ABSTBACT 

This paper presents precise versions of swne "laws" that must be satisfied by computations involving 
communicating parallel processes. The laws take the torm of stating ptousible restri<;ti<xis on the 
histories of computations that are physically realiuble. The law^ are vwy general in that they are 
obeyed by parallel processes exKUting on a time varying number (rf^ distribu^ physioii processors. For 
example, some of the processors might be in orbitii^ saldtttes. The laws are Justified by appeal to 
physical intuition and are to be regarded as falsifiabte as^rtions about the kinds of computations that 
occur in nature rather than as proved theoi^m in mathematics. The taws are intended to be used to 
analyze the mechanisms by which multipte procoses can communicate to work effectively together to 
solve difficult problems. 

The laws presented in this paper are intended to be applied to the design and analysis of systems 
consisting of large numbers of physical processmx The devete|wnent of such systems is becoming 
economical because of rapid progress in the development i^ large scale integrated circuits. 

We generalize the usual notion of the history of a computation as a «quence of events to the notion of 
a partial order of events. Partial orders of events s«m better suited to expressing the causality 
involved in parallel computations than tmaliy cn-dered sequence <rf events obtained by "considering all 
shuffles'* of the elementary steps of the various parallel processes [21.221 The utility of partial orders is 
demonstrated by using them to express our laws for distributed. con^tation. These laws in turn can be 
used to prove the usual induction rules for proving pn^tertiM <rf procedures. They can also be used to 
derive the continuity criterim for graphs of functions studied in the Sortt-Strachey model of 
computation. The graph of a function is simply the m x^ all input output pairs for the function. We 
can prove that the graph of any physically reali»ble prcxedure p that bdiaves like a mathematical 
function is the limit of a continuous functioruil F such that 

|r«ph(p) n Uj^N F*(«) 

In other words the graph of p is the limit Of the n-foW compositions <rf F with itself beginning with the 
empty graph. 
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SECTION II — INTBOPPCTION 

In programming languages such as SIMULA-67 OU SMALLTALK [18], and CLU [20], the emphasis 
has changed (compared to Algol-60) from that of procedum acting on passive data to that of active 
data processing messages. The actor model is, a f9rmiMu.ttott of ttM»e Ideas that is independent of any 
particular programming language. Instances of SIMULA and SMALLTALK classes and CLU clusters 
are actors. However, actors have been designed to inetudc the added effecu of parallelism so that 
instances of monitors[42.41], envelopes[43]. and ser^UzersC34] are also actors. 

The actor message passing theory can be used to modd networks of communicating processes which 
may be as close together as on the same LSI chip «' as far apart as on different planets. It can be used 
to model processes which communicate via shared iraRmvyOSX packet-switehed network$[l3,24l 
ring-networksC233, boolean n-cube networks[44]. or Bateh«- sorting net^]!^X 

SECTION III — ACTOBS »nd EVBWTS 

The theory presented in this paper attempts to chamcterite the behavior of procedural objects called 
actors [active objects] in parallel processing systems. A&wn and ev«its are the fundamental concepts in 
the theory. Actors interact with each tther throt^h one *&Br lading a roe»$enger to ancxher actor 
called the target. The arrival of a nwss«iger at a tai|^ is an ev«it, and rt^ events are the basic 
steps in this model of computation. A key ptrint in the a^or moAti of computatkNi is that messeni|[ers 
are themselves actors. The actor model is therd'iirc am un-tawd dicOTy which is a generalizatiwi <rf the 
X-calculus of Church. 

Actors can be created by another actor as part of the seoMid actor's behavior. Indeed, almost every 
messenger is newly created before being sent to a target actor. 

Events mark the steps in actor computations; they are the fundamental interactions of actor theory. 
Each event is instantaneous and indivisible teking no duratifMiin tinw. Every event E consists of the 
arrival of a messenger actor, called timnmngw^), at a tatftt actor, called targal^). 

We will often use the notation: 

E: £T <•«' M] 

to indicate that E has messenger M and target T. 

The time of an event is the arrival of the niff^enger of the event rather than the sending of the 
messenger because a messenger cannot affect the behavior (tf a^ho' a^H* until that actor receives it. 
If the sender wishes a reply, an actor (called the ^ltoWMitte») to wilom any reply should be sent shouM 
also be carried by (as a component of) the nmsmger. 

Intuitively, the arrival of the messenger M at the tai^;^ T mak«t M's information available to the target 
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for the purpose of activating additional evenU. The arrival of M at T does not in Itself cause any 
change to either M or T. 

For each event E we define MquaiirtancatgCT) and acquaitttmcMgCM) to be the vector of immediate 
acnuaintances of T and M. respectively. The immediate aefuaintanccs of an actor x are the other actors 
X directly "knows about" at a given instant. The r^tim is asyiMMtric In the sense that it is possible 
for an actor x to know abcnJt an actor y without it being tlte case that y knows about x. An actor nwy or 
may not "know about" itself; if it does, it can directly send itself m^ges! 

Law of Finite Acquaintances; For all actors x and events E fluch that x to the target or mettenger of E, 
the vector acquaintancetgix) has finite let^tti. 

The above law states that an object can only be directly connected to finitely many other objects. 

All of the actors which are definable within the lambda calculus (rf Church have the property that their 
acquaintances cannot change with time; i.e. if x is drifted by a bifi^d^ expression, then for all events 
E| and E2 in which x is the target or nwssenger, it win be the case that 

acqtiaintancet^|(x) « acquaManeeagjCt) 

In order to implement interprocess communication between parallel processors it is necessary to use 
actors whose vector of acquaintances changes over time. The purpose of this paper is to a xiomatize the 
fundamental laws which govern the t)ehavior of such actora. 

An important example of an actor whose immediate acc^ainunces change with time is a cell. A cell is 
an actor which at any given time has exactly one immediate acquatntaiKX-its contents. When the cell 
is sent a messenger which consists of the message, "what is your comets?", and a coiitlnMatiow- another 
actor which will receive the cpntents-the cell is guaranteed to d^ver iu contents to that continuation 
(while also continuing to remember them). All this might be very bcnring If the contentt of the cell were 
constant. However, upon arrival t^ a messenger which has the m^ge "update your cwitents to be x" 
and a continuation, the cell is guaranteed to update its contents M be the artw x<whalever that may be) 
and inform the continuation that the update has been performed. The l>ehavior of cells will be 
axiomatized later in this paper after we have pi^mted enough of the actor model to make this 
possible. 

The target(E) and the messenger(E) and their immediate acquaintances will be called (imnwdiate) 
participants of an event E. The immediate participants of an event are exactly those actors which can 
be accessed without sending any messages. 

participants(E) = {target(E), meMenger(E)} U acquaintance«£(target(E)) U acquaintance«£(n)essenger(E)) 

Finite Interaction Law; For each event E, the inmmditkm pwiicipantt in E are finite. 

The above law, which is intended to capture the physical intuition that only finitely many objects can 
interact in a single event, is an immediate corollary of the Law of Finite Acquaintances. 
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SECTION IV — PABTIAL OBDBBIWGS on EVENTS 

In order to develop a useful model of parallel computation, we have found it desirable to generalize the 
usual notion of the history of a computation as a sequoice i^ events. In this paper a history of a 
computation will be expressed as a partial Ofllw whldi rcctntis the causal and incidental relations 
between events. The partial orders conitfrain the n»XinHim amouftt td parallelism that can be used in 
an implementation. Any two events which are unordered can be «(«uted concurrently using separate 
processors. However, there is no requirement that an impleroentiuion do this. Events can be executed 
in any time sequence that is consistent with the partial iMtier. 

IVI - ACTIVATION OBDBBING 

One important strict partial ordering on events in the history of a computation is derived from how 
events activate one another. Suppose an actor xj rectiVM a meuenger m| in an event t^ and as a 
result sends a messenger mj *o another actor X2. Then the event E2. which is the arrival of the 
messenger m2 at X2. is said to be activated by E|. We caR the transitive ckmire of this "activates" 
relation the activation ordering and if Ej precedes^ In this ordwiflg then we write: 

Ej -«ci-> E2 

In general -ori-> is only a partial ordering because an event E might activate several distina events 
Ej E„, thereby causing a "fork". 

IV.l.a — Primitive Actors 

Labeled sequences are one of the most important kinds of primitive actors. An example of a labeled 
sequence is [rral: 3,imaginttrr. x] which is a sequence with two acqtnintences 3 and x which are labeled 
rm/: and imaginary, respectively. We allow btbeied s«|ii«iices wtth numerical labels to be abbreviated 
using positional notation so that [/: 3, 2i y] an be abbreviated as [3 y]. 

A simple example which illustrates the use of -oei-> is a computation in which integers 3 and 4 are 
added to produce 7. We suppose the existence nS a prtoittive actcnr called ♦ which takes in pairs of 
numbers and produces the sum. In this case * receivw a roenengcr irf the f<rilowing ftMrm: 

[reifuesl: [3 4], r«piy-$o: c] 

which specifies that the message in the request is the argunwnt Uiple [3 4] and the reply which is the 
sum should be sent to the ctNitinuation c when it has been cgim{Mited. Thus the history of the 
computation contains two events: 
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1: a request event with targ« + 804 mmmger that specifies the numbers to be added and 
an actor c to which the sum should be sent; 

2: a reply event with torget c and messmger that specifitt the sum of the numbers. 
These two events are related as follows in the activation mdnrlng: 

[+ <<— [reqMU: [3 4], npiyt^ efl 

I 

act 

I 

The activation ordering can be used to define the notion «rf a siwipte priwitive actor as follows: 

D^finitiom An actor x will b« *«d to b« • simple^ prtwKiye actor « whowvr an o^wiri Ei of tho term 

Ej! [x <«'«'[re9w«»l;iii,r«|rfjr-l«e3 

appears in th« history of a computation than thara is a minfm ovont E2 of tha form 

E2J |e <*^\ntAyi rfl 

such that Ej -act-y E2 and there are no events E such that Ej -«ei-> E -«ci-> E2. Simple primitive actors 
are one-in one-out procedures. 

Complaint processing can easily be incorpcH-ated Into the scheme. The hi^ory that results from 
divtd«[3 0] which attempts to divide 3 by is shown below: 

[divida <•">' [reguMl: [3 0], npiy-t^ cQ 

I 
act 

I 
V 

[c <*"* [complmMt {iUf-iMiK 3]]] 

Since complaint processing does not have any profound implications for the results in this paper, we 
will not say anything more about the matter. 



1: Lat«r in this papar wa will saa oxamplas of primitiva actors such a» fork and jmn priimtivM which aro not 
simple . 
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The history of the computation of factoriaiCS] using an iterative implementation of factorW illustrates 
how the activation ordering can be us«i toilkistrate profieitiM of om^ni structures. We will suppose 
that factorial knows about an actor called loop whicti ii sent ^les of the form pnd«x product] where the 
initial index is 3 and the initial product Is 1. Whenever leap receives a tuple [index productj. where index 
is not 1, then it sends itself the tuple [(iadmc - 1) (Mm « predurt)]. 

t factorial <«"« [rrquitu: [3], replyto: e]J 

I 
act 

I 
V 

Q[loop <~*' lrt!qu«»i: [3 1], reply-to: c]] 

I 

act 

i 
V 

[loop <*">' [request: [2 3], replyto: c]] 

I 

act 

I 
V 

Q[loop <"">' [requett: [1 6], reply-to: c]] 

I 

act 

I 
V 

|[c <"" [reply: 6]3 

The actor loop is iterative because it only re<^ires tlw amount of wcN-kii^ store^ needed to store the 
index and product. Note that only one reply is tent to the comkMHMion < even thoi^h c app«irs as the 
continuation in several request events. 

IV.l.b — Laws for the Activatiow Praying 

It is not possible for there to be an infinite nunrtier rf events in a chain* of activation bct«ircen two 
given events in the activaticm wdering of the hiitM7 of a ccMHIwiaiteii. This tow Implies the extsMnce 
of primitive actors. Stated more formally, 

Law of Finite Activation Chaina between two Eventat If C te • chain rt ovenla in the activation orderii« from 
E]^ to E2, then C ia finite. 



2: The careful treatment of the atorage required for ti«ia example la ^ven hi [26]. 
3: A chain is a totally ordered sequence oS events 
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The law of finite activation chains between event* is intended to express the fact that "Zeno 
machines""i.e. machines which compute infinitely fast-ctnnot be physically constructed. For example, 
consider a computer with your favorite instruction set which exeoites its first Instruction in I 
microsecond, its second in 1/2 microsecond, its third in 1/4 microsecond, and so on. This machine not 
only could compute everything normally compuuble in less than 2 miofweconds, but could also solve the 
"halting problem". It could do this by simubtting a mnmal computer runtilng on some input, and if the 
simulation were still running after 2 microseconds, it could conchide that the simulated machine does 
not halt on that input. 

Intuitively each event can directly activate only a finite number of other events. The events directly 
activated by an event E are called immediate successora <tf E (undo- the activation ordering -««->). The 
tmnwdiate successor set of E in the -oci-> ordering, wrWwi iw med ial etHcc^^,.>(E), can be defined 
formally: ^ 

imm«diat«-succ_g^i_^(E) s (Ejl E -tu:t-> Ej and -^3 E2 »ueh that E -«ci-> E2 -«ci-> Ej) 

Then we have the following law: 

Law of FinHa ImmacHata Succaaaw^ In tha Activation Ordringt 
For all avanit E, tha a«t inw nac Bai » -»M C < -aci">^^ ** ^"*^' 

We define immediate predecessors in the aaivation CM-dering in a manner similar to that used for 
immediate successors. We postulate that an event is either an iwltial event, in which case it has no 
predecessors, or it is activated by a unique predecessw event 

Law of Unkiwnaaa of Immatfata Pradacwaort in tha Activation Ordaring; 
For all avorrta E, tha aat immadiMa^rad^^.^tE) haa at nwat eno olomairf 

This law is based on the physical intuition that two distinct evenU cannot both be the immediate cause 
of another event. This is because an event which immediatriy aOivates another event must have been 
the sender of the messenger for that se(»>nd ev«iL Thus «ich event E has at most one activator^ 
which if it exists will be denoted as activator(E). 

Note that the activation ordering analyzes the causality of the classical "fork- join" structure of parallel 
computations in an asymmetric manner. The r«ison is that the last event to arrive at the join is the one 
which activates the remainder of the computation. Later in this {Mper we will introduce antxher partial 
order on events [called the ccmtinuation order] which treau "fork-join" control structures in a symmetric 
fashion. 



4: This usage of the term "activator" is somewhat in conflict with the usage of the term in Creif and 
Hewitt[40]. The usage here has the advantage that it is more firmly grounded in the physics of 
computation. 



■ »^^»" ■-' ■""'>' 
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IV.2 - ARRIVAL OBPEBINQS 

Intuitively, the activation ordering can be identified with "causality" in which each event is "caused" by 
its activator. However, the activation ordo'ing is net enough to q>ecify the action? of actors with 
"side-effects", such as cells. For this r«ison, we introduce the mtIvbI ordering -arr->^ for an actor x 
whose behavior depends on the order of arrival of the mmen§m fftnt to x. The physical basis for 
defining the order of arrival- is a hardware device caHed »n artiitcr. Note that there are only a few 
primitive actors such as cells and synchronization prlnritiv^ whose behavlw aaualiy depends on the 
order in which messengers arrive. Such adors arf ciHed wdw* j J a wMJ ei l t AH other actors are order 
independent and do not need to use an arbiter since they am be fredly copied to make as many 
instances as desired. 

Due to the totality of the order of arrival of messengers at an order dependent actor x (which will be 
discussed in more detail below), the notion of a "lo«l time" tm x is weN-deflned. Therefore, when 
talking about a single acu>r. we can talk rigmousty about the cha^pes in its vectw of acquaintances over 

time. 



IV.g.a — Laws for Arrival Orderings 

The arrival ordering for each order dq>endent actor x is required to be a total ordering on all events 
which have x as their target. This policy is enforced by arbttratien in aotws such as synchroniution 
primitives whkh need to observe the order in which ttMir memq^vi arrive. 

Arrival Ordering Law; If E^i^Ej and targ^^iMwfat^Hct 
than aithar Ej ~«»t->^ E2 or E2 -orr->„ E| 

This law says that the n>essenger of Ej arrives at x before the messenger of E^ or vice-versa. The 
arrival ordering is defined by the arbiter f or x. 

Note in connection with arrival orderings that thwe is no neMSsary relation between the arrivals of two 
messengers at a target and the cnrdering ^ their activator ev«its. Suf^>ose that events Ej and E2 have 
the same target x. Then, in general, the circunwtance that Ej -«rr->, E2 dow not imply that 
E^ 'act'> £2 ^>"ce Ej and E2 might be diuinct events ct two as^HM^ronous proc»ses that both happen 
to send messengers to the same actor. Furthermore, the fact thi^ Mliv#erS|) •wm-'> activalor(E2) is no 
guarantee that Ej -orr->^ E2; i.e. the messenger of E2 n^hA ittM arrive at the urget actor t>efore the 
messenger of Ej. 

Each actor is created at some point in time. This fact is emtKxIled in the following law: 

Law of Finite Pradacassora in an arrival ordaringt 
For all events E' 

{E| E -nrr•^>^„^^^^p) E'} ia finite. 
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Given an event E^ of the form [T <*'-' Mjl and ai» event Ej of the form [T <*«<' M2I, there are only a 
finite number of events twrtween these two events In the arrival ordering -«mt->t. Stated more formally: 

Corollary; Law of Finite Chaifw b»twn two Evntt in mt Arrival Ofdw»«» 
For alt ovontt E| and E2 MWh \M targ«t(Ej} - Xtrf^lf^) m%, 
{E| Ej -nrr->x E 'arf^ E2} is finite. 

The above law implies that anomalous behavior like the following is not physicaly realizable: a cell 
receives the infinite sequence of "store" messages: [um-tt IJ, [««r«: 1/2J, [mom: 1/41, [»hm-«: 1/8], etc. and 
then receiving a "contents?" message. What is it to reply? Zero? But i«t) was never explicitly stored 
into the cell! 

The law of Finite Chains in the Arrival Ordering allows us to define Immediate predecessors and 
immediate successors for the arrival ordering in a manner similar to the one used for the activation 
ordering. It guarantee that the arrival ordering for each |ictor is total over its domain, successors and 
predecessors are unique when they exist. If an ev«it E has an irmnediate predec«tsor In -«»T->||^g^|^E) 
then it will be called the precuraor of E and will be denoted by prMuraerfE). The law guarantees that 
the process of repeatedly taking the precursor of an event with target t will find the creation event for I 
in a finite number of steps. 

SECTION V — CBBATION of ACTOBS 

The actor message passing model differs from most other theories of computation In that it explicitly 
deals with the issues involved in creating new objects. 

Intuitively the creation of an actor x must precede any use of x. In order to precisely state the above 
intuition as a law we must be more precise about when actCM-s are created. For each actor x which is 
created in the course of a computation, we shall require that there is a unique event cr«ation(x) which 

caused x to be created. 

Let cr«ated(E) be the set (possibly empty) of actors created by the event E-i.e. the set of actors which 
claim E as their creation event. Nt«e that x is not a participant in cr«atien(x) because x does not come 
into existence until after cr«ation(x) has occurred. 

Definitiont cr«at«d(EKB {x| cr«atiofl(x)<BE} 

The intuition that a single event can only create finitely many objects is formalized as follows: 

Law of Finita Craationi For each evml E, crMt#d<E) ia finito. 

Note that the elements of craat«d(E) might be mutual acquaintances of one another and that mutually 
recursive procedures can be created in this way. 
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SECTION VI -- CBLLS 

VI.1 — Axtora for Cella 

The axiom for cells has two parts: involving their creation and use which can be stated as follows: 

CreAtion: There is a simple primitive actor, called cr««t«-c«ll. such that 
whenever it is sent a tuple of the form [i], it creates an actor c which is a new 
storage cell with initial contenU the aaw i. More fmYnally, for each event Ej 
of the form E^: [cr«at«-c«n i"" [requeu: [l}, re/dy-to: cQ there is a unique 
event E2 of the form E2: [e K*"* [rajrfy: tfl such that • is a newly created 
simple primitive actor and Ej * ■ctivatQr(E2). Furthermore cr«at«d(Ei) ■ {s} 
which says that the only actor created by the event €| is the storage cell 1. 
Thus each storage cell that is returned by cr*rt«-c«ll dtffers from all previously 
created cells. The storage cell t atwayt has «cact}y orte a«|ualntance which is 
initially i. If E is an event which has t as Its target, we will use the notation 
cont«nts£(t) to denote this acquaintance at the time of the event E. 

Use : A storage cell s can only be sent mosages of the form [eomemtt?] which 
requests the "current" contents and [updmt^ x] which updates the contenU to be 

X. 

I ■ , ■ 

The contents of s when it receives one of these mess^es in an event E can be 
axiomatized using the arrival ordering for • as fellows: 

contentS£(6) s 

ifE ha* an immediate preiwM»$or in th» arrival ordaring for % 
then 

if pr«curtor(E) i$ 0/ the form [t <*»" [rw^iMtf: [upiata: x], repiyto: ...]] 
then X 

<?/«« cont«ntSpr^ur,or(£)(i) 
elte i uaMch it the actor mM to cr«at«-c«ll 10 create ■ 

If E is an event of the form £* <««' [re^iMtf: [eontenttf] reply-to: cj| then there 
is- a unique event E' of the form Pt [c i-^ IniUy: cenlwitsgU)]] such that 
E s KtivitorCE'). 



f zy^^.'^'- s-—'\ " 
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VI.2 — Busy Waiting 

Busy waiting is the kind of waiting used in some muki-pnxxssing tystems. In this kind of waiting, the 
contents of a cell is continually checked and. if It Is unchM^. the praceuor branches back to check it 
again. This kind of waiting is used when mte procenor csmwt tlMipcnd i^Mti another to "wake it up" 
when the contents change. Busy waiting depend* upon the ptoiptfty of Finite Chains between Events in 
the arrival orderings of cells. 

For example suppose that a new storage cell s is creaMd wfM»e initial controts are 0. Furthernwre 
suppose that the contents of s are update exactty once by a j^oceu which sends t the nnessage 
[update: 1]. Now another process mijght busy vmit until the oenimtt of the cell e change to I by 
executing a procedure of the foUowing form: 

loop; j/ cont«nts(s) s 
then goto loop 
(•/«<• ...proc««d... 

The property of Finite Chains between Events in the arrival ordering for t, guarantees thaj the code 
...proc«ed... will eventually be executed since rtherwise tfe&e would be an infinite number of "contents?" 
messages before the [update: 1] message in the arrival ordering td t. 

The use of the arrival ordering in the actor model of computation seems to help overcome one of the 
major limitations of other theories of the semantics of communicating parallel procwses based on the 
Scott-Strachey model of computation B,6l The Scott-Strachey model is a deep mathematical study of 
functions that are minimal fixed points of "oontinttous" functionals. As currently developed the 
Scott-Strachey model seems to be a special case of the acttM* modd ta that it only deals with actors which 
behave like mathematical functims to the exchiston of zCMn such as cells and synchroniiation 
primitives whose behavior depends on the arrival ordo'ing of meuages sent to the actor. 

SECTION VII — LAWB of LOCALITY 

We would like to formalize the physical intuition that conr^Nitatton is local and there can be no "action 
at a distance". The laws of locality presented in this section are intMHied to capture these intuitions. 

The initial acquaintances of an actor are a subset of the pafticipanU in iu creation event and the actors 

created by its creation event: 

Initial Acquaintances Lawi If an actor t it the target of an evMit E 
such that E is th« first evvnt in the arrivri orderh^ of a ttwn, 

acquain(ancM£(z) g paHicipanlt(croalien<x)) U cr«iAMt^««lien(i)) 

The acquaintances of an actor can increase over itt previous acquaintances only by the acquaintances of 
the messpMgers which it receives and the actors which it creates. 



- JCJlf-y^, ,-tj^e^¥*J,/-^ ; „ 
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Precursor Acquaintances Law; If an actor z is the target of an event E 
such that E has a precursor in the arrival ordeHng ^ z ttwn, 

acquaintancesgCz) C partkipar^^rectriera^)) U a«ate4(preeursor(E)) 

An actor x can only be the Urget or messenger in an evwt E if x Is newly Created or is an Imnwdiate 
participant in activator(E). 

Activator Acquaintances Law; For each event E which is not m initirt event 
tareet(E) i p8Hicipants(activator(E)) U creid«ttacttv^}r(E)) 
messeneerCE) < participwits(acthr4or(E)) U ^lAaC^^MortE)) 

These laws of locality can be used as the foundatton on which to tniild theories of inforn»ation flow in 
computer systems. Using the formalism, a theiM-y can be devdoped to show how the Imposition of 
initial constraints can be used to eliminate und^rable tnfofn^on paths. In this way. protection 
problems, such as the Confinement Problem may be solved. The actor message passings model can be 
used as the foundation for formalisms (such as Strong Depei^l«Ky [4§3) tor describing informaiicm 
transmission in computational systems and few proving ttiat inforawtion Is not transmitted over certain 
paths. 

SECTION VIII — OOMBUimD ORPEBING 

To make sense out of the activation and arrival orderings. and to retote them to a notion of "tinw". we 
introduce the precedes relation "-->": 

Definition: — > is a binary relation on eventt whteh is the transitive closure of the union of the 
activation ordering -fflcf-> and the arrival orderings -mT->„ for every actcH- x. 

In order for ~> to function as a notion of precedence, we nn^ire that the activation and arrival 
orderings be consistent. This is guaranteed by the Law ct &rto Causality for actor systems which 
states that there are no cycles allowed in causal chains; Le. it is nev«r the case that there is an event E in 
the history of an actor system which precedes itsetf. Sta^ more formally the taw of causaUty is that 
the combined ordering is also a strict partial ordering: 

Law of Strict CausaWty; For no event E does E "> E. 

Suppose that we have events in a computation described as follows: 
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Ej: I[x <•"- mjl 
E2S Cy <»'-' ^22 
E3: |[y <'--' m3l 
E4: ICx <«"«' m4l 



E| -ar(-> £2 ;arrivsi of m^ «t x causes th« arrival of m2 at y 
E2 -nrr->y E3 ;m2 arrivos at y boforo m3 
E3 -nct'> E4 ;arrival of m3 at y cswas tho wriv^ of m4 at x 
E4 -nrr->^ Ej jm4 arrivos at x boforo m^ 



The Law of Strict Causality states that the history of the computatim given above is physically 
impossible to realize even though it is locally reawnable in the sense that any proper subset of the 
orderings can be realized. The above example of an impossible ccMnputation is due to Guy Steele. 

Now we can define immediate predecessors and successors trf an event E under — >. Note that an event 
E of the form |[t <«'-' mj has at most two immediate predecessors in the relation — > one of which is the 
activator of E and the other is the precursor of E in the arrival m-^ering -art•>^. 

We would like to formalize the intuition, that betwnn any two evenu which are causally related, that 
there are only finitely many events in a causal chain that connects the events. This intuiticm is 
formalized in the following law: 

The Law of Finite Chains botwoon ovonts in tho Cowbinod Ordorini: ^ 

There are no infinite chains of events bohwoon two ovonts Hn tho strict partial ordorinc — >■ 

Actually we c<in express a much stronger property about the activity that can occur between two events: 

Corollary: Law of Finitely Many Events between two ovonts In the Confined Orderingt 
For all event E^ and E2 the set (Ei Ej — > E — > E2} is finite. 

The above law is easily proved using Konig's Infinity Lemma and the law that there are no infinite 
chains between two events. Note that the Law of Finite Chains between two Events in the Activation 
Ordering and any Arrival Ordering are immediate corollaries of the above law. 

The above law has important consequences for models of actwr systems. It implies that for each history 
of a computation that there exist "time" functions that map events onto intq^rs. In general iliere are 
many time functions that correspcmd to one hi^ory which are olMained by considering all the possible 
total orders that observers might see. Such time functims have the following properties: 



5: This law is a strict generalization of the other laws In tlMS papor. We orifinally conjectured that it could bo 
proved using the Laws of Locality together with the rest of tho laws. However Will Clingor [47] found a 
counterexample. Subsequently Valdis Berlins [48] indepondontiy foimd ■ vmry beautiful symmetric form of tho 
counterexample as the solution to a class exorcise in MIT daes SJ35. 
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VEi E2 if Ej — > E2 then tinwCEj) < ttm«(E2) 
VEj^ E2 i/* tim«(E^Mim«(E2) tA«it Ej*E2 

We can use the combined ordering »> to expr«s an important law al>out created actors. 

Law of Creation before Us*; 

If en actor x is created in the course of a computation and E it an event with pwiicipant x then 
creation(x) — > E 

Villi — NESTED ACTIVITIES 

Since one of the aims of actor theory is to study patterns of passing messages, we must identify several 
common patterns. The two most common typn of messengm are rcq«e«ts and rq>lies to requests. A 
request has two acquaintances: the requ^ message itself, and a conttnuatkm actor which is to receive 
the reply. A reply to a request consists of a message sent to the continuation; this reply usually contains 
an answer to the request, but may contain a complaint or excuse for why an answer is not forthcoming. 

We define the nested activity corresponding to a request event RQ in a computation to t>e the set of 
events which follow i^ in the combined order tnit precede any reply RP to the request. More formally, 
let E--> denote the set of events which folfow E (inckMling E itsetf) and -«2E denote the set of events 
which precede E (including E) in the computation. In other words 

E-i H (El EnE' er E -> E'} 
-iE E (El E^ or E* -> E} 

Definition ; 

If an event E is of the form [...<•">' [re^tieit: ..., repZy-te; cQ then any event E' of tho form 
B|c <""«' [rritly: ...]]| such that E -««-> E' will t»e said to l>e a reply to L 

We can now define an activity to be a set of events as follows: 

activity(RQ) s RQ-^ fl U{-^RP j RP is a reply to RQ} 

Activities embody the notion of the nesting of activities that is produced by conventional programming 
languages, since we only include those events in an activity which contribute to a reply to that request. 
Note that if no reply is ever made to the request RQ in the con^tirtion, then the activity corresponding 
to RQ is incomplete and therefore vacuous. 

If we let concurrent activities be those whose request events are unordered, then concurrent activities may 
overlap-i.e. share some events. However, this can only happen if the activities involve some shared 
actor which is called upon by both; if two concurrent activities involve only "pure" actors which by 
definition have no arrival ordering and can be fredy cc^ied to avoid arbitration bottlenecks, then 
activities are properly nested, meaning that two activities are either disjoint, or one is a subset of the 
other. 
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The notion of activities allows one to vary the level of detail in using actors to model a real system. Let 
us define a primitive activity as the activity of a requ^ which activates exactly one immediate reply, 
with no events intervening. Thus, a primitive activity always consists of exactly two events. A crude 
model for a system might represent an actor as iM'iiraWva, l.e. one whme receipt evenu are all primitive. 
However, at a finer level of detail, one might iTMXiel the internal wwkirigt gf the actor as an activity in 
which a group of "sub'-actors participate. 

SECTION IX — CONTINUATION ORDERING 

The notion of nested activities can be used to help explicate several of the various notions of "process" 
that have been used in computer science. In particuhir it can be used to define an ordering on events 
that is important to defining the semantics of programming languages for parallel processing. This 
new ordering is the continuation order and will be detioted by -ewi->. The continuation ordering is 
important because it captures the usual operating synera notion (^ "p«x«»" in terms of partial orders 
on events. Later in this paper we will show how to use the conttnuattem ordering to provide a precise 
characterization of the relationship betwMn the Scott-Strachey modd and the actor message-passing 
model. 

Definition: If E and E' ar« avents than E -eoNt-> E' if 
1: Thara is soma activity a such that E, E' < a 
and 

2: E — > E' 

Note that each event has only finitely many predecessors and finitely many immediate successors in the 
continuation ordering because 'eoM'> is a sub-ordering (^ —>. 

1X.1 — Fork-Join Behavior 

In prograoTming languages for parallel processing, it is quite common to provide primitives by which 
processing can "fork" creating more parallelism which can later jcrin together. Parallel evaluation of the 
arguments of a procedure' provides a good example crf^ fork- join behavk>r. All fork- join primitives have 
basically the same structure. Consider for example, the behavtor ctf a procedure f which computes 
(x2 + y2) given arguments x and y. Betow are the two possible hittories for an activity of f which 
produces these results where --> is used for the combined tNtlering: 
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E^: [f <<v« [reqa«it: [x y], rvpljrto: c]] 

I I 

act — ' — act 



I I 

V V 

£2*. [*<*'*' [rr^uMl; [x x], r«ply-lo;ei]3 £3: £*<•'*' [r«7»««l: [y y], rep/r-«o: C2O 

I I 

act act 

I I 

V V 

E4: |[ei <~~ [r<fply: x^JJ Eg: 1*2 <"^ Ir^P^r- X^O 



-act- 



V V 

Eg: [+ <-'•' [requeu: [x^ y^], nply-toi efl 

I 
act 

I 
V 

E7: tc <"" {reptr- (x^ ♦ yhXl 

Note that in the history given above that Eg -aei-> Eg wher«is in the hisunry given betow that 
E4 -orc-> Eg. 

Ej: [f <*">' [re9uefi:txy],r»p/y-lo: cO 

II 

act '■ act 



I ^ I 

V V 

E2: C «<-">' [rflguMl; [x x],r«p/y-lo;ei]3 E3: [» <— ' [r«gi»«*l: [y y]t r«pl>-lo: C2fl 

I I 

act act 

I I 

V V 

E4: [ci <~-' [reply: x^O Eg: Ce2 <"" [reply. y^O 

I I 

act 

I I 

V V 

Eg: f +<•"«' [requetl: [x^ y^], reply-to: cfl 

I 

act 

I 

V 
E7: [e K— Ireply. (x^ ♦ y^yjj 
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We shall say that E^ is a fork event and that E5 is a Join event. In the atwve computation it will 
necessarily be the case that'Ej -eci-> Eg sin<a this is the doly »wy th»t 1^ can be activated. Therefore it 
will be the case that either E4 -cet-> Eg w E5 -«ei-> Eg. The cofrtliKmtion CMtterinfr -coirt-> enables us 
to present the history of the computation without having to be concerned as to * hich of the above 
possibilities actually occured. Using the amtinuatkm m€mrit^i tlie vftamttry ai the above fork-join 
computation is demonstrated . by the fact that the continuation ordering is the same for bcKh of the 
above histories: 

Ej: £f <•«' [requeit: [x yj, rtply-to: cjj 

I I 
cont cont — — 



£3: C* <•"* {rcqucM: [x xj, reply-to: Cj]J 

I 

• cent 



I 
V 

E3t [« i^o* [r«9«i«*t: [y y], reply-to: €£0 

I 
cent 



E4! [cj <"">' [reply: x^]J 

I 

cont — 



E5t Ce2 <•«' CrwiJ^yJ y^O 

I 



cont 

I I 

V V 

E6: £+ <»•' [r«9tt«Jt: [x^ y^J, reply-to: efl 

I 

cent 



E7j Cc <«- [ruply: (x2 + y2)J] 



IX.2 — Synohronigation Betw—n ProoeMsges 

The behavior of semaphores provides a simpte example to ilhittrate the rebitionship between the 
activation and continuation orderings. Supp(»e that t is a newly created semaphore whose capacity 
<count) is initially so that the first attempt to perform a P toleration will wait until a V operation is 
pel formed on the semaphore. In order to model the betavkM- of s«iMphi»%s using message passing, we 
will suppose that P and V operations are implenmited by sending {Pi] ami IV:} requests respectively. 
Suppose that Ep is the first event in the arrival mtierii^ irf t in whkh t receives a IP:} reque^ and Ey 
is the next event in which 8 receives a [1^:] reqtwst The acttwatton and continuation rebtions between 
these events is shown below: 
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E-: [• <»">' [requ«»t: [P;], reply-to: ej]J 

I 
cont 



E: [cj <«"«' [reply: ...0 



<-act- 



Eyl [»<-«' [wflMrt: [J':], reply-to: €2]! 
I 



cont 

I 
V 

Note that E^ ~> E since Ey -oci-> E but it is not the case that Ey -c«iii-> E because there is no activity in 
which they are both elements." 



SECTION X -- PBOCBDPBES 



X.l — Behavior of Proogdureg 

In this section we would hke to characterize the behaviors erf acttwrs which behave like procedures. In 
order to do this we would like to use the notion of an activity. 

To make our discussion more concrete we will con^dfr the behavior erf" an implemwtation of the 
Fibonacci function defined as follows: 

(fib n) s 
(i7 

(n s 1) then 1 
(n » 2) then 1 
(n > 2) then ((fib (n - 1)) -i- (fib (n - 2)))) 

The foHowirjg history is a partial order of some of the ev«Hs that might result from evaluating (lib 4). 
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Ej: [fib <»•' [nqueH: [4], replr-f: cQ 

I I 
I I 
-cont — — -cont— — 



E.2- C^'b ^""^ [rctiuoMt: [3], re/Jy-to: Cjfl 

I 

cont 

I 
V 

E4: [ci <-"* [reply. 2]] 

I 
■ I 

cont 



I 

V 
Ejt [fib <'«*' Inqmest: [2], npljrtoi C2O 

I 
cent 

I 
V 

Egl [C2 <*~ [ra|>iy: in 



-cent- 



II 
I I 

V V 

E^t [+ K^-lnqmtu: [2 1], nply-f: cQ 

I 
cont 

I 
V 

E7: [e <•'•' [rt/dy. 3fl 

We will use the notation {|(p <= m) — > y|} to partially describe an a^ivity which starts with an event of 
the form [p <«"«' [requrtt: m, raply-to: c]] and finishes with an event of the form [e <•- [reply, yjj. 

All of the events shown in the above diagram are contained in one activity (which we will name a) ^ 
fib whose starting event is Ej and whose finishing event is E7. Thus the activity a is of the form 
{|{fib <a [4]) — > 3|}. The diagram above shows two subtctivitles of a which we will call fi and 7 such 
that the following relationships hold. 



0'. {|(fib <= 3) -> 2|} 
y: {|(fib <= 2) -> i|} 



startQS) « Ej 
»t«i(7) « E3 



finishQS) « E4 
finithCY) m E5 



The activity has events which are not shown in the above diagram. Some of these events are shown 
in the diagram below: 
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E2i [fib i"" [nqueit: [3], nfdy-UK CjQ 

I I 

II 
■cont — cont 



I • I 

I I 

V V 

Eg: [fib <~«' [rr^uMi: [2], r«p/y-lo:e3]J Egi ^tV» K*^ [re^iuMat: [1], reply-to: c^]"^ 

I I 

cont cont 

I I 

ElO' C*=3 <""* t'-«p'y- 111 Ell« C«4 <"~' i'^p^r 111 

I I 

I I 

cont — — cont 



1 I 

I I 

V V 

Ej2* £+ <"" [reqtUMt: [1 1], nply-tt e|]l 

I 
cont 

I 
V 

E4: fcj <"« [rflp/y: 2fl 

Thus we see that j8 in turn has sub-activities y* and I such that 

-y': {|(fib <= [2]) ~> 1|J sLrtC-y') » Eg finish<7') ■ Eio 

i': U(f<b <x [1]) -> 1|} ttm1(i')BE9 fim«ha')«Eii 

Notice that both 7 and y both satisfy the partial description {|(fib <m [2]) — > 1|} even though they are 
distinct activities which share no events in common. Unkjuily Identifying aaivities has the same 
problems as uniquely identifying objectt and evcnti: no finite local dcso'ifKkm will serve as a unique 

identification. 

I ■ 
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An actor f will be said to behave like a procedure if the following cottdltions hold fdr alj the histories 

of f: 

1: All of lh« hMsMngsr* of • avwrtc In ttM Mstery mrm oHMr of tho form 
£ ... <*«' Cr«9K«jii: ..., nj^yto: ...fl or of the'fwin !".<•«' ir«riyitk' 

2: If E is a raqutf t of fho form f ... <««' [rt^mtot ^ npiyHm cfl there there is at most phe 
event E' in which c is the target of E and such %n £' mtm be a reply to E. 

3: Tho acilvltiw of f aro proptrly 4iMtod. I.E. for any two aeUvftios of f H la ^ho cato Ihal #lthor 
on* Mlivity l« a propm' aubaot of tho ^hor or Mm two aeHvHioa aro dteJoM. 

An actor f will be said to behave like a faactteii if it is order independent arid behaves like a 
procedure. 

I 

X.2 — Ltmt»s of Continuott« Ftmotionals 

The actor model Of computation is based on axiomatt^df^ tht causal aiMi incidental retations among 
computational events. The Scott-Strachey model of aM^NMttkm it baled on the mainemttlcal analysis 
of continuous inunction spaces. Supaficialiy these two modete nrtght siem to have tttfate in common. In 
this section w« will analyze the rehittonsh^ b^wtcn these modirts of computation. <t>ur main rcsiilt is 
that If an actor behaves like a mathematical f ancOon then it to the Hmit of a conte^s functloflal in 
the sense of S«tott.. This result foHows from the law that each event has oMy flnitelj^ many imm«dlate 
successors, in the continuatim ondering and the tew of ftotei diahn between two events iii the 
continuation ot'dering. 

Once again we will make the disoission concrete by condderii^; the behavior of an implementation of 
the Fibonacci fiiiictitm defined by the-fotlowing prooedvre 

(fib n) s 

{if 

(n =1) thmnX 
(n = 2)'thtm 1 
(n > 2) iht^n ((fib (n - 1)) * (fib (n - 2)))) 

Dvfinitlon: Suppot* an actor f behaVM Hka a imrthMnrtical funcHoii and ttiat <x yXfrapMf) and <x' y*Xfraph(f). 
Thon <x' y*> wiH betaid to bo an iwwwdiaio f-daecondart of Ot y> H 
there ic somo Msiery of ( wi^ Ihr ovonii E and E* ^ Iha form 
E: [f <■">' [nqueH; x, nplyHoi ...fl 
E'i [f <'*»^[re«iu9$»: x', reply-t9i ...Jj 
such tl^at E -oct-> E' 
and it is not Vrk case that there is an event E of the form 
E: [f <■"«' [r««yue«l: ..., r«pIy-lo: ...]J 
such that E -c«iil-> E -ci»iii-> E' 



-4-vtr, f. -v 
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For example <2 1> is an immediate fib-descendant of <3 2>. 

Definition: Suppose tliat <x yXgraphCf) 

immediat«-d««c«nd«iU|«x y» 5 {<x' y*)! <»' y'> is w iwm««li«l« f-dwwidwt Of <x y>} 

immediate-descendantSfj|,(<l 1>) - {] 
immediafe-d«sc«ndantsf||j(<2 1» = {} 
imm«diat«-d«sc«nd«ntSfj|,«3 2» > {<! 1> <2 i>} 
imm«diat«-d«sc«ndants|i5«5 5» » {<3 2> <4 3>} 

Lemma: If an actor f behaves like a mathematical function and <x yXgraphCf) then 
immediat«-descandants|(<x y>) is finite. 

Proof: Follows from the Law of Finitely Many Immediate Siuxessors in the AcUvatton Ordering. 

Definition: If G is a set of input-output pairs then 

D|(G) s {<x y>| <x y><graph(f ) end immediate ■ d es c e w dantt^«x y» £ G} 

Intuitively D|(G) is the set of all input-output pairs of gra^if) that can be computed "im*nediately" from 
the input-output pairs in G. For example we haw the f<Mowing rouits for our implementation of the 
f ibonacci function 

Dfib({}) = {<1 1X2 1>} 
D,ib({<l 1> <2 1>}) = {<1 1> <2 1> <3 2>} 
D,u,({<l 1> <2 1> <0 4>}) = {<1 l> <2 1> <3 2>} 
D|jb({<3 2> <4 3>}) ■ {<1 1> <2 1> <5 5>} 

Lemma: If an actor f behaves like a mathematical function, then Df is a continuous functional. 

Proof: From its definition 0| is clearly monotonic. We will use N to derote the natural numbers [i.e. the 
non-negative integers]. Suppose that {Xj| KN) is a chain of seU of ordered pairs so that Xj g Xj^.^. To 
prove that Df is continuous we shall prove that 

Uj<ND,(Xj) . D,(Uh„Xj) 
Clearly 

UkN Of«j) £ 0,<Uhn Xj) 
by the monotonicity of Dj. To prove the set inclusion the rthw way around suppose 

<x,y> I D,(U,<N X,) 
It follows from the definition of D| that <x,y>€fraph(f} and 

immediate-de8cendante|«x,y» £ Uj^iij Xj 
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Therefore there exists a natural number n such that liwm«liat«-d— € « n da n tt|«x,y» s X„ since the 
immediate f-descendants of <x,y> are finite. Thus 0(,yXl)|(X„) and 

<x,y> i Uj<N DfO(|) 

Dvfinition: A sequence <Xj yj> such that each <X| y|><griph(f) will be said to be a descending f-chain if 
each <X{^j Yi+i^ *$ 3" immediate f-descendant of <X| y|>. 

Exampl«: The following are descending fib-chains 

t<6 8> <4 3> <3 2> <1 1>] 
(<7 13> <5 5> <3 2> <2 !>] 

Lamma: If <x y><craph(f) then there are only finitely many dacending f-chains begining with <x y>. 

Proof: Follows from the fact that there are only finitely many eventt between two events of the form 
[f <•>"»' [rrriufisi: x, reply-to: c]] and [e <"- [npty- yfl i" the continuation ordering. 

Ovfinifion: If <x y><graph(f) then hirifht(f,<x y» will be defined as the maximum length of the descending 
f-chains beginning with <x y>. 

L«mma: If <x yXgraphCf) then <x y>«0,**'«*''W,<x y»(jj) ^^^^^^ p^n |, t^g ^f^ composition of Of with 

itself. 

Theorem: If an actor f behaves like a mathematical funaion then D| Is a continuous functional in the 
sense of Scott and graph(f ) is the limit of Df b^inning with the empty graph {} i.e. 

graph<f) « U-^N Of'(«) 

where graph(f ) is the set of input-output pairs of f. It immediately follows that graph(f) is the minimal 
fixed point of Of since 

graph(f) B 0|(graph(f)) 

The above theorem makes precise the physical basis for believing that the graph of every physically 
realizable mathematical function is the limit of a ccmtinumis functional: the Law of Finitely Many 
Immediate Successors and the Law of Finite Chains between two Events in the Continuation Ordering. 
As currently developed the Scott-Strachey theory does not account for the the prt^rties of the arrival 
orderings of actors such as synchronizatitm primitives and shared data bases. An interesting topic that 
is left open for future research is how th« SccM-Strachey thecn^y can be extended in a natural way to 
encompass the physical constraints imposed by the arrival cmierings of actm's. 
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SECTION XI — FPTUBB WORK 

When we first began our investigation into nmH^;e-pi^slng syston we developed the intuitively 
appealing idea of "actors" as agents which conummicaUi by f»«^i^ messages. This intuitive notion 
proved to be too naive a basis for precise technical work In the umt ««iy that the Intuitive notion of a 
"set" as a collection of objects proved to be too naive a btsis In matiicMMtics. Th« solution has been the 
development of the axioms In this paper which are hitended «> tmv9 as tlie first step in devek^ing 
axioms which capture the intuitive notion of actors as agents whkh communicate by sending and 
receiving messages. 

There remains a great deal of work to be done In the devel(^}nient of the theory presented in this 
paper. The "completeness" of the axirnns presented here needs to b« intensively studied to determine If 
they can be significantly strengthened. 

A mathematical characterization of the models which satisfy the axtemis needs to be developed. The 
characterization should include a description of a rtaiwiard model (^»^ by a cwistructive method for 
enumerating all the computation histories Of a system that satisfy the axioms in this paper. Eliot Moss 
and Henry Baker [50] have developed one such mod^ wtileh proves the wnslstency of the axioms In 
this paper as well as providing a standard model In whk;h ttM axiOfm cmi be interpreted. 

We would like to apply the semantic theory developed In this paper In several directions. The 
semantics of programming languages for nHikl-fH^onnl^ pr«l»lMD striving bnguages such as KRL, 
OWL, PLASMA. SIMULA, SMALLTALK, AMORD. and the qttaotlffcatlonat calculus need to be 
rigorously developed. In this way we hope to be able M make preetoe technical contributions to the 
"declarative-procaJurar controversy. 

There are a number of questions concerned with how efflclontly actor systems can be Implemented on 
networks of machines. In terms of the physical transport of lnf«Ki»tion there are several ways in 
which an event can be implemented. The inf(mnatlon In the imsMf^^ can be physically transported to 
the target; the target can be trani^rt«i to the m^miger. «r the t«w <a«i rendezvous at some other 
location. Under differing circumstances any me (tf the ab<we p<mM»tttles might be nwre efficient. For 
example if the target is a smaH function whkh «»kes use erf* a large nun*er of the extended 
acquaintances of the messenger then it Is probably more effkieot to iran^>ort the target to the 
messenger. On the other hand If the target is a large data base Which is searched according to the 
directions of a small query In the messenger, then it is pnSbt^ moie efficient to transport the 
messenger to the target. Research is needed to devdop dynatiilc mechanisms for deciding what 
information to transport for cixnputattons that are ph)«iatty dl«r«Nted on a network of machines. 
Hopefully some general mechanisms can be devek^ whMi. in pva^Nse. jMd aa^>table efficiency. 
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SECTION XII — OONC3LIJSIOW 

In this paper we have presented acmie laws that must be obeyed by tlw computations of communicating 
parallel processes. These laws are expressed in the )ai^;mg« of fiwt order set theory. The actor message 
passing model is based cm ax iomatiiing the causal and incKtontal relations b^ween computational 
events where each event consists of receiving a mecHtfe. An in^mrtant advantage of the actor 
message-passing model is that specifications for aciers can be ex|H«ssed directly in terms of the events 
involving those actors. Our apprmch is different from ^ m«e usual one which is to postulate the 
existence and "fairness" of some underlying g^ctol 'sdwduler" (213 or "oracle" t22l Partial orders 
provide a means for concentrating on the causal rehttens among event as opposed to time relationships 
that result from some arbitrary interleaving. 

The development of histories in the actor model of compuution as partial orders of events as a 
generalization of the previous devilment as sequences of evenb has proven to be very fruitful. The 
partial orders -«cj->, -«nr>yi for each order dependent a($or x, -««i»->, and — >, are all physically well 
grounded in the sense that if two evenu are c*«»v«d tobe r^aied tot a.ceitain way In some <*$ervation 
frame then they will be observed to be refaite^ In the same ii^y in afl ioN«7«Qon frames. Each <rf these 
different orderings serves iu own purpose in the model The foHowing table suftimarizes the partial 
orders which we have introduced to describe the htMories of oon^i^ations: 

-nrt-y activation caua^y batwsm avanta 

'arr->y^ arrival local tima of arHvfl e( wway w ami to X 

— > combiiwd gmwral notion of Om oveirt |wwc«dii« anethor 

-rnnf-> continuation noatod a c tiv i t io a 

Partial orders of histories have been used to develop specification and proof techniques for nKxlular 
synchronization primitives [32341 The machin«7 ct (Mirtial «^«-s of evenU provides the semantic 
glue needed to relate the specifications arid implementations of OMramMiieating parallel processes. 

This paper has traced same of the important relation^ifM b^ween the actw message-passing nKxIel of 
computation and classical denotattonal, semantia. It has been proved that every actor which behaves 
like a mathematical function is the limit of a oontinuotti fumtleiHil. This resuk provides a physical 
basis for the treatment of continuity in the Scott-Straclwy the«7 of computation. The actor 
message-passing model has important applications for the sem»itia Ot coronMinkatirtg parallel processes 
which will be explored in subsequent papers. 
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SECTION XIII — AOKNOWLBDGEMENTS 

The research reported in this paper was iponsqred by the MIT Artificial Intelligence and Laboratory 
and the MIT Laboratory for Computer Science under the sponsorship of the Office of Naval Research. 
A preliminary version of some of the laws in this paper nwe pmeitted in an invited address delivered 
at the Conference on Petri Neu and Related Systems at M.I.T. in July 1975. Some of th? notation for 
representing partial orders of evenu was developed at the Workshop on Language Features for 
Non-deterministic Programs which was Md in Canri^ridge, Mass. in Ai^st 1976. This paper is a slight 
revision of the one by the same title presented at the IFIP Working Conference on Formal Description 
of Prc^ramming Concepts at St. Andrews, New Brunswick In ju^ WH. 

Our research on actors is an attempt to provide a senmntic understanding of constructs for supporting 
modular programs that have b«tn devckipcd in pr«fi*nmd»t^ hinfuf^es and qierating systems. The 
original impetus for the resear(;h came from a Cipnv«n«tlon in N<»rtlinb«- 1972 with Alan Kay about the 
SMALLTALK language which h* wa* de^gnteg. Hte ictot was to base all computation on 
communicating objects each of which can have >e p«w of a digital <w^ The design of 
SMALLTALK built on the ciMiinstanwdis^nGtion of SIMI^LA. ^separation ^ %^^ language from 
method language in PLANNER, the control ideal in David Fishers tiiesis [49} and Seymour Papert's 
-little person" model of computation. We have worked to conimicia theoretical model that encompasses 
these ideas in addition to similar abstractions which have been devtiojped in lambda calculus languages 
and for operating systems such as domains of pretedion wd XMjpfaMMm, 

This paper builds directly on the thesis research of Irene Greif. Many of the results in this paper are 
straightforward applications or slight generalitatiom of resuks in her dissertation. For example our 
notion of an activity derives from the bracketed sM of evems in her thesis. We are further indebted 
to Irene for the suggestion that the arrival ordwrli^ of an ord« di^Mndent acttM- may be tme of the 
fundamental differences betweai the actcw model of eomputttion and the Scott-Strachey model. 

Many of the ideas presented in this paper have emerged In the last three years in the course of 
conversations with Irene Greif, R<*in Milner, Jack Dennis. Jerry Schwarz. Joe Stoy. Richard 
Weyhrauch. Steve Ward, and Bert Halstead. Bill Ackerman, VaWis Berlins. Henry Lieberman. Ernst 
Mayr. Eliot Moss, John Moussourls. Bruce Schatz, and Guy Sttde made vahtabte cmnments and 
criticisms which materially imfntived the proenmtion and content of this f»per. The arrow notation 
used for the different partial orders is due to Gary Fostd. 
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